Purpose of the Review The purpose of this review is to summarize recent evidence supporting the use of reactive carbonyl species scavengers in the prevention and treatment of disease. Recent Findings The newly developed 2-aminomethylphenol class of scavengers shows great promise in preclinical trials for a number of diverse conditions including neurodegenerative diseases and cardiovascular disease. In addition, new studies with the thiol-based and imidazole-based scavengers have found new applications outside of adjunctive therapy for chemotherapeutics. Summary Reactive oxygen species (ROS) generated by cells and tissues not only act as signaling molecules and as cytotoxic agents to defend against pathogens but ROS also cause collateral damage to vital cellular components. The polyunsaturated fatty acyl chains of phospholipids in cell membranes are particularly vulnerable to damaging peroxidation by ROS. Evidence suggests that the breakdown of these peroxidized lipids to reactive carbonyls species plays a critical role in many chronic diseases. Antioxidants that abrogate ROS-induced formation of reactive carbonyl species also abrogate normal ROS signaling and thus exert both beneficial and adverse functional effects. The use of scavengers of reactive dicarbonyl species represents an alternative therapeutic strategy to potentially mitigate the adverse effects of ROS without abrogating normal signaling by ROS. In this review, we focus on three classes of reactive carbonyl species scavengers: thiol-based scavengers (2-mercaptoethanesulfonate and amifostine), imidazole-based scavengers (carnosine and its analogs), and 2-aminomethylphenol-based scavengers (pyridoxamine, 2-hydroxybenzylamine, and 5′-O-pentyl-pyridoxamine) that are either undergoing preclinical studies, advancing to clinical trials, or are already in clinical use.
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Introduction
Reactive oxygen species (ROS) perform key signaling and defense functions within cells and tissues, but dysregulated ROS formation or catabolism contributes to disease processes by damaging cellular macromolecules and invoking unresolved inflammatory responses. Several ROS, such as the hydroxyl radical (HO· − ), drive peroxidation of polyunsaturated fatty acids (PUFAs) such as linolenic acid and arachidonic acid present as the acyl chain tails of membrane phospholipids. Non-enzymatic rearrangement and fragmentation of these phospholipid peroxides generate a broad spectrum of peroxidized lipids. Perhaps the most important class of these peroxidized lipids in terms of disease pathogenesis are the reactive carbonyl species (RCS), which react with cellular proteins, nucleic acids, and phospholipids to significantly impact enzymatic function and cell signaling. RCS generated by lipid peroxidation include mono-aldehydes (e.g., hexanal), alkenals (e.g. acrolein), bifunctional alkenals, (e.g., 4-hydroxy-2-nonenal), 1,2-dicarbonyls (e.g. methylglyoxal), 1,3-dicarbonyls (e.g., malondialdehyde), and 1,4-dicarbonyls (e.g., isolevuglandins and 4-oxo-2-nonenal) ( Table 1) .
Increased levels of lipid-derived RCS have been well documented in vivo, but the question of whether reducing their formation or activity would provide significant health benefits remains unanswered. Lipid RCS appear to exert their adverse effects by modifying proteins, nucleic acids, and phosphatidylethanolamines so that compounds that prevent these modifications are the primary focus of current therapeutic development. Conceptually, RCS modification could exert biological effects either by loss of function or gain of function. Gain of function would be most likely, since the low level of RCS typically seen even in pathological settings is generally not consistent with what is needed to induce loss of function. For instance, while modification of lysines or cysteines in enzymatic active sites can cause loss of function, most cells possess significant spare enzymatic capacity. In order to meaningfully reduce function, a relatively high level of RCS is needed. Yet, only 1 to 5% of total copies of an enzyme per cell typically appear to be modified by RCS, even under pathophysiological conditions. In contrast, RCS modifications that occur at relatively low RCS concentration (nM or very low μM) can lead to gain of function. For instance, RCS modification can create novel epitopes or pattern recognition molecules recognized by immune cells. Modification of only a few copies of an enzyme, receptor, structural protein, or other target such as phosphatidylethanolamine is generally needed to profoundly alter cellular responses. Fortunately, the existence of low levels of RCS makes scavenging by small molecules a potential therapeutic approach for treating chronic diseases.
Properties of Individual Reactive Carbonyl Species
In the past decade, a number of nucleophilic compounds with reasonable bioavailability and low toxicity have been developed for use as RCS scavengers. Table 2 illustrates the major scavenger classes that are currently in or under investigation for clinical use including thiol-based scavengers (e.g., 2-mercaptoethanesulfonate and amifostine), imidazole-based scavengers (e.g. carnosine), and the recently developed 2-aminomethylphenols (e.g., pyridoxamine, 5′-O-pentyl-pyridoxamine (PPM), and 2-hydroxybenzylamine (2-HOBA)). The guanidine-based class of scavengers will not be discussed extensively in this review, because the development of aminoguanidine (trade name pimagedine), the lead compound in this class, was discontinued when clinical trials failed to show efficacy and demonstrated mild toxicity [1, 2] . Nevertheless, another guanidine compound, metformin, is widely used in the treatment in diabetes. While metformin scavenges RCS in vitro [3] , whether RCS scavenging actually mediates any of its beneficial effects in vivo has not been established. If so, then future studies may revive development of new guanidine-based scavengers.
Multiple classes of RCS scavengers are needed, because individual RCS differs dramatically in their ability to modify specific functional groups. RCS scavengers based on these different functional groups can therefore also be used as experimental probes to assess contribution of particular RCS types to disease processes. We will therefore illustrate these differences in functional group reactivity using commonly studied representatives of various RCS types in the following section.
4-Hydroxy-2-nonenal
The α,β-unsaturated aldehyde 4-hydroxynonenal (HNE) is the most extensively studied RCS formed in vivo. All ω-6 PUFAs can give rise to HNE, and multiple mechanisms have been proposed for its formation [4] . The α,β-unsaturated aldehydes including HNE preferentially react with sulfhydryl groups of thiols to form Michael adducts [5] . In the case of HNE, the Michael adduct subsequently undergoes secondary reaction to form a cyclic hemiacetal (Table 1) . HNE also forms Michael adducts with imidazoles [6] but at a slower rate than with thiols (Table 1) . HNE can also react with primary amines to form both Michael and pyrrole adducts [7] . Such reactions are slow compared to other RCS that preferentially react with amines, such as the 4-ketoaldehydes. For instance, HNE reacts 100-fold slower than isolevuglandins (IsoLGs) with bovine serum albumin [8] . HNE also reacts to some extent Pyrrole [7] Hemiacetal [5] Michael adduct [9] Hemiacetal [6] Fluorescent crosslink [12] Cyclic 1,N 2 -propanodG adduct [5] ONE 4-ketoamide [20] Michael adduct [19] Imidazole adduct [142] Michael adduct [19] Nu = Cys, His, Lys [19] Substituted etheno 2'-deoxyadenosine adduct [143] Substituted ethano 2'-deoxyguanosine adduct [144] Acrolein 3-formyl-3,4-dehydropiperidino- [25] Propanal [5] Propano adduct [141] minor product [25] Nu= Cys, His, Lys [5] 1,N 6 -propanodeoxyaden osine 5'-monophosphate [5] 3,N 4 -propanodeoxycytidine 5' monophosphate [5] IsoLG Pyrrole [35] Lactam [8] No Reaction BLU adduct [33] No Reaction R-Nu = Cys, His, Lys [36] IsoLG-dC pyrrole [34] MDA N-propenal [48] Dihydropyridine [5] [5] Minor product [5] Minor product [5] 
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Crosslink [5] Bicyclic guanosine adduct [5] MGO CEL [59] 5-Hydro-5-methylimidazol one [58] Tetrahydropyri midine [58] Argpyrimidine [58] MOLD [145] [60] [146] with arginine to form a Michael adduct [9] . In addition to amino acid residues, HNE also reacts with phosphatidylethanolamine to form Michael and pyrrole adducts [10] and with DNA bases to form exocyclic etheno-DNA adducts [11] . HNE cross-links proteins, and at least one of the resulting cross-linked adducts is fluorescent [12] . Pharmacological thiol-based scavengers, such as 2-mercaptoethanesulfonate (MESNA) and penicillamine, are highly effective for scavenging HNE. Because HNE forms Michael adducts with imidazoles and primary amines, carnosine and its analogs are also good scavengers [13] [14] [15] . 2-aminomethylphenols [16, 17•] and aminoguanidine [18•] are very poor HNE scavengers. These classes of scavengers will be explained in greater detail in the following section.
4-Oxo-2-nonenal
4-Oxo-2-nonenal (ONE) is an α,β-unsaturated, 1,4-dicarbonyl that is generated from similar precursors as HNE, but the presence of the 4-keto group of ONE in place of the 4-hydroxyl group of HNE dramatically alters ONE's biochemical properties and reactivity. For instance, even after ONE reacts with thiols to form a Michael adduct, the remaining 4-ketoaldehyde functional group can still react with primary amines to form pyrrole adducts [19] . This secondary reaction is one of several potential mechanisms whereby ONE can generate cross-links, making ONE a very potent crosslinking compound [19] . Even in the absence of thiols, ONE can rapidly react with primary amines to form a highly stable ketoamide adduct [20] (Table 1) . Thus, ONE is potentially one of the most damaging RCS formed in vivo.
Because ONE is highly reactive to thiols and amines, it may be scavenged by thiols, imidazoles, and 2-aminomethylphenols. Because an ONE-thiol adduct retains the capacity to react with primary amines, scavengers that combine two functional groups (e.g., amifostine or carnosine) or that form stable, non-reactive adducts with ONE (e.g., 2-aminomethylphenols) are more effective than monofunctional endogenous scavengers such as glutathione.
Acrolein
The biochemistry and biological activity of acrolein has been extensively reviewed [5, 21] . Important sources of acrolein in vivo include the oxidation of polyamines, amino acids, carbohydrates, and glycerol. Cigarette smoke is also a major source of acrolein [21] .
Acrolein reacts non-enzymatically with sulfhydryl groups of cellular thiol compounds (e.g., glutathione) to form Michael adducts (Table 1) at a rate about 100-fold faster than HNE [5] . In cells and tissues, the reaction of acrolein with glutathione is also catalyzed by several different glutathione transferases and this reaction appears to be an important mechanisms for detoxifying acrolein [22] . Not surprisingly, this reaction can significantly deplete glutathione levels when cells are exposed to sufficiently high acrolein concentrations, leading to cell death [23] . In addition to its reaction with the thiol groups of cysteine, acrolein reacts with the imidazole group of histidine and with primary amines, but at a much slower rate [5] . Acrolein can also slowly react with the guanidine group of arginine and of guanosine [21, 24] . Reaction of acrolein with p r i m a r y a m i n e s f o r m s a n N ε -( 3 -f o r m y l -3 , 4 -dehydropiperidino) adduct (FDP) [25] while reaction with arginine and nucleic acids forms cyclic hydroxyl-N-propano adducts [5] (Table 1) . Acrolein is equipotent with HNE in cross-linking proteins and significantly more potent than hexanal or malondialdehyde (MDA) [26] . The biological activity of acrolein has been primarily attributed to its modification of thiols, either via depletion of glutathione to invoke toxic effects or via modification of active site cysteines such as in phosphatases to inhibit their activity [5] .
Pharmacological thiols such as MESNA have been developed for therapeutic use as acrolein scavengers [27] . Imidazole-based scavengers such as carnosine also react with acrolein, and acrolein-carnosine adducts can be detected in urine at slightly lower concentrations than hydroxyalkenal adducts [28] . 2-aminomethylphenols are relatively poor acrolein scavengers.
Isolevuglandins
IsoLGs, sometimes referred to as isoketals, are a large family of 4-ketoaldehyde regio-and stereo-isomers initially characterized by Bob Salomon's group at Case Western Reserve University in the 1980s [29] [30] [31] . Subsequent work by both the Salomon group and that of L. Jackson Robert II's group at Vanderbilt University further characterized these products and their reaction with cellular nucleophiles [8, 32] . IsoLGs are members of the prostaglandin/isoprostane family of eicosanoids that are generated enzymatically by cyclooxygenases and non-enzymatically by lipid peroxidation. IsoLGs react extremely rapidly with primary amines [8] but more slowly with guanidine groups like arginine [33] or with the nucleic acids [34] . IsoLGs react poorly or not at all with thiols or imidazoles. Their hyperreactivity with primary amines arise from the ability of the initial imine adduct to undergo a secondary reaction of the 4-keto group with the nitrogen to form an irreversible pyrrole adduct [35] (Table 1) . These pyrrole adducts easily oxidize in the presence of molecular oxygen to form lactam and hydroxylactam adducts [25] as well as pyrrole-pyrrole dimers and trimers [36•] . The proclivity of IsoLGs to cross-link proteins even at very low concentrations sets them apart from other RCS.
IsoLG has been shown to exert potent inflammatory effects, particularly in activating endothelial cells [37] , macrophages [38•] , and dendritic cells [39••] . In particular, dendritic cells take up proteins modified by IsoLGs and present these neoantigens to T cells, which activate them, leading to hypertension and vascular disease [39••, 40•] . Reactions of IsoLG with proteins may also drive development of arrhythmias by modification of ion channels [41] [42] [43] and amyloid-forming proteins [44•] . IsoLG modification can block degradation of proteins by the proteasomal pathway [45] and induce endoplasmic reticulum stress [37] . The signaling pathways that mediate the inflammatory effects of IsoLGs are poorly understood, although the Receptor for Advanced Glycation Endproducts (RAGE) mediates some of the biological effects of IsoLG-modified PE [38•] . IsoLG lactam adducts resemble tethered prostaglandins, but to what extent prostanoid receptors contribute to their biological effects is poorly understood [38•, 46] .
Only 2-aminomethylphenols can effectively scavenge IsoLGs. Because IsoLGs specifically react with primary amines, thiol-based compounds like 2-mercaptoethaneosulfonate are not effective IsoLG scavengers. Therefore, if 2-aminomethylphenols are effective when other scavenger classes are not, this provides evidence for the contribution of IsoLG or other 1,4-dicarbonyls to disease pathogenesis.
Malondialdehyde
The 1,3-dicarbonyl malondialdehyde (MDA) is one of the most abundant lipid peroxidation products formed by nonenzymatic peroxidation of PUFA [5, 47] . MDA also forms enzymatically through thromboxane synthetase from prostaglandin H 2 , which generates MDA at a 1:1 ratio with thromboxane A 2 . MDA is a common biomarker of lipid peroxidation, because its reaction with thiobarbituric acid forms an intensely colored chromogen (thiobarbituric acid reactive substances or TBARS assay).
Although MDA is generated abundantly, it reacts slowly compared to many other RCS. For instance, when 100 μM HNE and MDA are reacted with 1 mM bovine serum albumin, about 75% of the HNE has reacted in 1 h compared to less than 50% of MDA that has reacted in 5 h [5] . At physiological pH, the reaction of MDA with thiols such as glutathione is trivial. MDA reacts with primary amines such as lysine to form a Schiff base which rearranges to a propenal adduct [48] . This may react further with other lysine residues of the same or a different protein molecule to form cross-links (Table 1 ). In addition, multiple MDA molecules can condense on primary amines to form dihydropyridine products. MDA also reacts with deooxyguanosine and deoxyadenosine to form stable adducts, with the predominant form under physiological conditions being the pyrimidopurinone M 1 G [49] . Of interest, an N-substituted form of MDA, adenine propenal, was recently described to form from the oxidation of adenosine [50] and is more reactive with lysine than unsubstituted MDA.
Because of its preferential reaction with primary amines, the optimal scavenger class for MDA appears to be the 2-aminomethylphenols [51] . Reduced TBARS levels in vivo have been reported with administration of thiol-based scavengers such as MESNA [52, 53] or carnosine [54, 55] . However, these studies used the TBARS assay without further characterization by high-performance liquid chromatography, so whether the measured RCS were actually MDA or some other RCS is unknown.
Methylglyoxal
The biochemistry and biological activities of the 1,2-dicarbonyl methylglyoxal (MGO) have been reviewed recently [56•, 57] . MGO is generated by the oxidation of carbohydrates, fatty acids, and amino acids and catabolized by glyoxalase I. Formation of MGO is particularly prevalent in diabetes due to the high levels of plasma glucose. Initial characterization of the reaction of MGO with various amino acids showed that MGO slowly reacts with the α-amine of amino acids but reacts faster with histidine, cysteine, or lysine and much faster with arginine [58] . However, the overall reaction rate of MGO with protein is relatively slow. When radiolabeled MGO was reacted with bovine serum albumin, about 50% of MGO reacted after 6 h, and complete MGO reaction was achieved in 2 days [58] . In the reaction of MGO with bovine serum albumin, only arginine residues showed high levels of modification [58] . MGO reacts with guanidines such as arginine to form 5-methylimidazol-4-one (MG-H1), tetrahydropyrimidine, and argpyrimidine (Table 1 ) [58] . MGO reacts with lysine to form the highly stable adduct N-carboxy-ethyl-lysine (CEL) as well as an imidazolium cross-link [59, 60] . MGO rapidly reacts with thiols such as cysteine to form hemithioacetal adducts, but this reaction is highly reversible, so no stable product is formed unless further reaction with other nucleophiles occurs. Increased levels of MG-H1 and CEL protein adducts have been detected in numerous diseases, including diabetes, atherosclerosis, and kidney disease, and are especially increased in conditions where glyoxalase expression is reduced [61] .
Modification of bovine serum albumin by MGO in vitro could be inhibited by co-incubation with other amines, with the best inhibition given by aminoguanidine, then arginine, and then lysine [58] . Other studies showed such modification could also be inhibited by cysteine and penicillamine, but not by N-acetylcysteine, suggesting that the thiols required an amine for efficacy [58] . Co-incubation with carnosine also protected ovalbumin from modification by MGO [62] . 2-aminomethylphenols effectively scavenge MGO [63] , forming an imidazolium cross-linked product analogous to that formed with lysine [63] .
Hexanal
Oxidation of ω-6 PUFAs results in the generation of hexanal, a volatile saturated mono-aldehyde that is relatively unreactive compared to alkenals and dicarbonyls. Given its ease of measurement, hexanal levels have been used as a measure of lipid peroxidation in a number of human diseases [64] [65] [66] [67] . Hexanal reacts with primary amines such as lysine or phosphatidylethanolamine to form Schiff base adducts that are highly reversible. Therefore, adding even 10-fold excess of various amino acids to hexanal forms very little stable adducts and does not significantly reduce hexanal concentration [68] . Sulfhydryl containing compounds such as glutathione and alpha-lipoic acid and most imidazole compounds also do not to react to an appreciable extent with hexanal [68] . Given its relatively poor reactivity with cellular nucleophiles and its catabolism by ALDH3A1 [69] , there has been little impetus for the development of hexanal scavengers.
Reactive Carbonyl Species Scavengers Ameliorate Disease
To be effective in vivo, scavengers must outcompete sensitive cellular nucleophiles for reaction with RCS. To achieve greater reaction rates than endogenous nucleophiles, RCS scavengers utilize additional functional groups in proximity to the primary nucleophile which catalyze rate-limiting reactions or participate in forming stable and irreversible final products. Even with reaction rates enhanced 1000-fold, scavengers need to be in micromolar concentrations to effectively compete with endogenous nucleophiles, which are present in tissues at millimolar concentrations. This requires scavengers to have sufficient bioavailability and partitioning into tissues to achieve such concentrations without also manifesting toxicity. Aminoguanidine failed in clinical trials due to toxicity and poor efficacy. For the remainder of this review, we will focus on the best-studied pharmacological RCS scavengers from three classes, thiols (MESNA and amifostine), imidazoles (carnosine), and 2-aminomethylphenols (pyridoxamine, pentylpyridoxamine, and 2-hydroxybenzylamine), that have shown effectiveness in ameliorating disease in animal models and humans (Table 2) . Studies using these first-generation scavengers suggest that RCS scavenging prevents and/or reverses disease and that further development of these approaches is warranted.
Thiol-Based Scavengers
Although endogenous thiols such as glutathione, lipoic acid, or N-acetylcysteine have been used as dietary supplements, their already high levels in healthy humans warranted development of pharmaceutical thiols with higher reactivity. MESNA and amifostine (via its active metabolite WR-1065) react with acrolein at significantly faster rates than does glutathione [70] . Both MESNA and amifostine are used extensively in human clinical conditions and will therefore be discussed in detail. However, it is worthwhile noting that other thiol-based medications such as penicillamine are quite competent RCS scavengers (at least in vitro). To what extent the ability of these other drugs to scavenge RCS contribute to therapeutic effects needs more extensive evaluation.
2-Mercaptoethanesulfonate
MESNA (trade names include Uromitexan or Mesnex) has been used extensively since the 1990s as an adjunctive treatment with chemotherapeutic agents like cyclophosphamides and ifosfamide that generate acrolein as a byproduct and thereby incite urotoxicity [71] . Screening a series of thiolcontaining compounds for their ability to scavenge acrolein and to reduce urotoxicity in cyclophosphamide-treated rats identified MESNA as a highly efficacious scavenger [71] . An initial trial in 1986 showed that co-administration of MESNA with ifosfamide to patients with advanced nonsmall cell lung cancer significantly reduced ifosfamideinduced hemorrhagic cystitis [72] . A subsequent placebo-controlled, double-blind study showed that co-administration of MESNA with ifosfamide markedly reduced micturition pain and hematuria compared to placebo [73] . MESNA administration to patients receiving cyclophosphamide prior to bone marrow transplant also reduced overall rates of hematuria, discomfort and bladder spasms, and urinary tract infections [74] .
Animal and clinical trials support co-administration of MESNA with other therapeutic agents where RCS-mediated toxicity is an adverse effect. Initial studies in rats showed that MESNA co-administration with the chemotherapeutic agent doxorubicin markedly decreased doxorubicin-induced protein modification and tumor necrosis factor (TNF) increases [75] . A subsequent clinical trial confirmed the ability of MESNA to blunt plasma TNF increases induced by doxorubicin treatment of patients with breast cancer or non-Hodgkin lymphoma [76••] . MESNA also reduced the nephrotoxicity associated with use of contrast media in radiographic procedures in randomized control trials [77] . Cisplatin is a widely used chemotherapeutic agent that increases RCS levels and coadministration of MESNA with cisplatin reduced RCS levels and ovarian damage in rats [52] .
Animal studies suggest the utility of MESNA in clinical conditions unrelated to chemotherapeutics. For instance, administration of MESNA attenuates RCS-mediated gastric mucosal damage and inflammatory cytokine levels [78] . Similarly, in a mouse model of ulcerative colitis, MESNA alone or co-administered with omega-3 PUFAs markedly attenuates intestinal damage [79] . Acetaminophen-induced liver injury is associated with significant formation of acrolein, and treatment of mice with MESNA significantly reduces acetaminophen-induced liver injury and acrolein adduct formation [80] . Traumatic brain injury is associated with extremely high levels of RCS and MESNA treatment markedly reduced RCS levels and protected brain tissue in rats subjected to traumatic brain injury [81] . Clinical trials are needed to confirm the efficacy of MESNA against these same conditions in humans.
Amifostine
Amifostine (trade name Ethyol) is a prodrug that is hydrolyzed to its active metabolite, WR-1065, by alkaline phosphatases. The reactivity of acrolein with WR-1065 is three times faster than with MESNA [70] . In addition to scavenging acrolein and related RCS, WR-1065 may also act by inducing cellular anoxia and by scavenging free radicals [82] .
Amifostine is used adjunctively with radiation therapy where xerostomia and mucositis limit the dose of radiation used. A recent meta-analysis of 17 clinical trials including 1167 patients found that amifostine significantly reduces severe mucositis (relative risk 0.72), xerostomia (relative risk 0.7), and dysphagia (relative risk 0.39) in patients receiving radiotherapy [83] .
Although amifostine or WR-1065 should be excellent candidates for RCS scavenging in clinical conditions besides cancer, surprisingly, few studies have been reported. In a rat model of Parkinson's disease, WR-1065 was found to reduce RCS levels and protect against development of motor imbalance [84] . Amifostin also reduced ischemia/reperfusion injury in rabbits subjected to temporary occlusion of the descending thoracic aorta [85] . Hopefully, the efficacy of amifostine in these clinical conditions will be further examined.
Imidazole-Based Scavengers
Like thiols, imidazoles participate in Michael addition reaction to target α,β-unsaturated carbonyls. Unlike thiols, imidazoles do not under undergo oxidation. This greater stability makes imidazole-based scavengers as effective as thiol-based scavengers despite their lower reaction rates for α,β-unsaturated carbonyls, especially when additional nucleophilic groups are included with the imidazoles. Carnosine is the best studied imidazole-based scavenger and will be discussed in the following section. It is worth noting that many antifungal agents and losartan contain imidazole moieties so their potential to act as scavengers warrants more evaluation.
Carnosine
Carnosine is an endogenous dipeptide (β-alanyl-L-histidine) highly concentrated (∼10 mM) in the brain and muscles [86] . Levels of carnosine are dramatically reduced in patients with diabetes mellitus [87, 88] and with Alzheimer's disease [89] , and modestly reduced in vegetarians, females, and elderly populations [90, 91] . In addition to RCS scavenging, carnosine acts as a physiological pH buffer, a hydroxyl radical scavenger, a redox active metal chelator, a stimulator of nitric oxide synthesis, and an activator of carbonic anhydrase [92] .
Comparison of carnosine scavenging of HNE, methylglyoxal, glyoxal, and MDA in vitro showed that carnosine was most effective at scavenging HNE [93•] . In vivo evidence for the ability of carnosine to scavenge RCS includes detection of HNE modified carnosine in the urine of Zucker fatty rats [94] and detection of acroleincarnosine adducts in human urine [95•] .
Rodent data support the efficacy of carnosine in diabetes, cardiovascular disease, and ischemia/reperfusion injury. In db/ db mice (a model of type 2 diabetes), 4 weeks of carnosine treatment reduced proteinurea and vascular permeability compared to vehicle treatment [96] . Intraperitoneal injection of 100 mg/kg carnosine into db/db mice also enhanced rate of wound healing. In streptozotocin (STZ)-induced diabetic mice, 1 g/L carnosine given in drinking water markedly reduced RCS levels in liver and kidney, resulting in reduced fasting plasma glucose and increased plasma insulin levels [97] . In a STZ-induced diabetic nephropathy rat model, treatment with carnosine reduced glucosuria, HbA1c levels, cataract formation, albumin excretion, and preserved podocyte number [98] . Carnosine-containing eye drops significantly lowered levels of glycated lens proteins and delayed progression of cataracts in STZ-treated rats [99] .
Treatment of atherosclerotic prone ApoE −/− mice with octyl-D-carnosine reduced atherosclerotic lesion formation [100] . Proteins modified by acrolein and HNE were decreased in these animals while RCS-modified carnosine was increased in urine [100] . Administration of octyl-D-carnosine for 12 to 20 weeks to STZ-induced diabetic ApoE −/− mice stabilized plaque phenotypes and attenuated the size and necrotic area of atherosclerotic lesions [101•, 102] . Carnosine injection prior to permanent middle cerebral artery occlusion ameliorated ischemic brain damage in C57BL/ 6 mice [103] . Interestingly, carnosine analogs where the α-amine and imidazole are modified (e.g. N-acetyl carnosine and anserine) failed to exert protection [103] . In a rat model of neo-natal hypoxic injury, pretreatment with carnosine significantly reduced RCS levels in response to ligation [104] . This pretreatment decreased infarct size and apoptosis in the brain and improved performance on the Morris water maze test, demonstrating the potential of carnosine to protect against ischemic brain injury [104] . Administration of carnosine even 6 to 9 h after the onset of ischemia was shown effective in both transient and permanent cerebral artery occlusion [105] . A recent meta-analysis of studies on the efficacy of carnosine in animal models of ischemic stroke concluded that a clear dose effect of carnosine in reducing infarct volume with diminished effects if administration occurred 6 h after ischemia [106•] .
Besides diabetes, atherosclerosis, and ischemic injury, carnosine has shown efficacy in other conditions of oxidative injury. Carnosine attenuated microglia activation and cortical neuron apoptosis in a rat model of experimental subarachnoid hemorrhage [107] . Co-administration of carnosine with doxorubicin normalized blood pressure, improved cardiac and stroke indices, and reduced cardiac muscle damage in rabbits with doxorubicin-induced congestive heart failure [108] .
Given the efficacy of carnosine in animals, it is surprising how few large clinical trials have been conducted with carnosine supplementation. A number of pilot studies have shown therapeutic potential for diabetes and cardiovascular and neurodegenerative diseases. Carnosine supplementation (2 g/day) for 12 weeks improved glucose tolerance and insulin sensitivity in overweight and obese individuals [109•] . Carnosine supplementation for 6 months also improved exercise tolerance in patients with stable chronic heart failure [110] . A pilot study in 2008 reported carnosine that supplementation significantly improved neurological symptoms of Parkinson's disease and reduced plasma RCS-modified proteins [111] . A pilot study with 52 patients diagnosed with moderate probable Alzheimer's disease and treated with the acetylcholinesterase inhibitor donepezil reported that the group that received carnosine (along with an antioxidant cocktail that included vitamin E, vitamin C, beta-caroteine, selenium, L-cysteine, and other compounds) for 6 months showed improvements in their Mini-Mental Status Exam II scores while the group that continued to receive only donepezil treatment maintained similar scores [112] . Despite the potential of carnosine supplementation in these pilot trials, no follow-up studies to confirm these effects have been reported for Parkinson's or Alzheimer's diseases.
In terms of other conditions, the application of N-acetylcarnosine (an effective prodrug for carnosine) in lubricant eye drops [113] was efficacious for the prevention and treatment of visual impairment and vision disability [114] . Oral supplementation with carnosine for 4 weeks reduced pressure ulcer in institutionalized long-term care patients [115] . In 2013, a randomized double-blind placebo-controlled trial in 24 veterans suffering from Gulf War illness used escalating doses of carnosine from 500 to 1500 mg per day over 12 weeks found no improvement in most endpoints such as fatigue and pain scores but improvement in a cognitive task, the WAIS-R digit symbol substitution test [116] . Based on these results, carnosine appears to have untapped potential, but large-scale clinical trials are clearly needed.
2-Aminomethylphenols
The use of 2-aminomethylphenols as dicarbonyl scavengers was first discovered in studies utilizing pyridoxamine (PM), one of six vitamin B 6 vitamers. As a primary amine with excellent bioavailability and low toxicity [117] , PM was a rational choice for testing its ability to scavenge MGO and other glucose-derived RCS in circulation. Supplementation is needed for effective scavenging of MGO by PM in plasma, because PM is rapidly converted within cells into pyridoxal phosphate, an enzymatic co-factor that lacks scavenging capacity. Administration of PM protected against complications of diabetes (see below). At that time, little attention was paid to whether the structural characteristics of PM enhanced its RCS reactivity compared to other bioavailable primary amines. Appreciation for this aspect of PM arose from studies examining its efficacy against IsoLG. Because of the extreme reactivity of 4-ketoaldehydes, we recognized that finding an effective scavenger for this class of RCS might be difficult, as it requires a compound with similar reactivity but a much higher biological concentration than lysine or a similar biological concentration but a much faster reactivity for 4-ketoaldehydes compared to lysine. With the former possibility more likely, we screened a number of biologically available small-molecule primary amines that included PM, glycine, and aminoguanidine for their ability to block IsoLG modification of radiolabeled lysine. To our great surprise, equimolar PM almost completely suppressed the reaction of lysine with IsoLG, while equimolar glycine or aminoguanidine had only trivial effects [118] .
Structure-activity relationship studies performed with a model dicarbonyl, 4-oxopentanal unraveled the mechanism underlying the surprisingly potent activity of PM. PM reacted with 4-ketoaldehydes 2000 times faster did lysine, with the 2-aminomethylphenol moiety of PM being responsible for this high reactivity [118] . For instance, 2-hydroxybenzylamine (2-HOBA or salicylamine) and 5′-O-pentyl-pyridoxamine (PPM) show similar reactivity for 4-ketoaldehydes as PM [16, 118] . In contrast, the methoxy derivative of 2-HOBA (2-methoxy-benzylamine) and the regioisomer of 2-HOBA that has the hydroxyl group at the 4-position (4-hydroxybenzylamine) have very similar reactivity as lysine for 4-ketoaldehydes [119] . Related compounds that lack the aromatic ring (i.e., aminopropanol) show only modestly increased reactivity for 4-ketoaldehdyes compared to lysine [118] .
To analyze the selectivity of PM for IsoLG versus other RCS, we compared the reactivity of PM with MGO (a 1,2-dicarbonyl) and with HNE (an α,β-unsaturated carbonyl) [118] . PM showed no increased reactivity compared to lysine for HNE. PM showed increased reactivity compared to lysine for MGO, but this enhanced reactivity was at least an order of magnitude less than what was seen with 1,4-dicarbonyls. Other investigators also found that the reaction rate of PM for compounds that were 1,2-dicarbonyls such as glyoxal, 2,3-butadione, and methyl pyruvate were several orders of magnitude slower at reacting with PM than 1,4-dicarbonyls such as o-phthaladehyde and benzoquinone [120] . To reduce RCS modification of ubiquitin by 50%, an 8.8 M excess of PM is required for HNE, a 9.3 M excess for MGO, and a 1.31 M excess is needed for MDA [93•] . Other 2-aminomethylphenols have not been studied for selectivity as exhaustively as PM but in general show similar selectivity for 1,4-dicarbonyls [16] . An exception is PPM (as well as 5′-Ohexanyl-PM and 5′-O-heptyl-PM), which shows enhanced reactivity compared to lysine for 1,2-dicarbonyls and 1,4-dicarbonyls. We postulate that the hydrophobic microenvironment created by the alkyl tail of PPM favors the phenolic (rather than the zwitterionic) form that is required for scavenging 1,2-dicarbonyls.
The overall hydrophobicity of 2-HOBA and PPM relative to PM markedly increases their penetrance into cells or lipoproteins. Better penetrance may enhance their ability to inhibit formation of IsoLG adducts compared to PM, even though all three scavengers act equally well in aqueous conditions. In platelets, 2-HOBA and PPM markedly reduce levels of IsoLG-modified proteins, while PM is significantly less effective. Additionally, 2-HOBA and PPM convey greater protection against oxidant-induced cell death than PM [16] .
In summary, 2-aminomethylphenols serve as excellent scavengers for 1,4-dicarbonyls, while other classes of scavengers lack this capacity. Therefore, 2-aminomethylphenols may prove to be the first choice of scavenger for any dicarbonyl species, with MESNA or related thiols the first choices for α,β-unsaturated carbonyl species. Combination of the two classes might be particularly effective in ameliorating disease, although no studies to date have tested such combinations.
Pyridoxamine (Pyridorin)
Historically, the primary focus of animal and clinical trials with PM (trade name Pyridorin) have focused on diabetes and its complications including renal disease, cardiovascular disease, and retinopathy. An early study in STZ-induced diabetic rats showed that PM treatment for 28 weeks markedly inhibited renal disease, as shown by reduced albuminuria and plasma creatinine compared to placebo [121] . Subsequent studies performed in KK-Ay/Ta mice given PM or placebo for 12 weeks showed that PM treatment markedly protected kidney function as indicated by a lower urinary albumin/ creatinine ratio [122] . PM also reduced fasting plasma insulin levels as well as decreased renal N-carboxy-methyl-lysine (CML), nitrotyrosine, and TGF-β1 levels [122] . PM treatment of db/db mice reduced kidney hypertrophy, proteinuria, mesangial expansion, podocyte loss [123] , and the development of glucose intolerance [124•] . In an ischemia/reperfusion model of acute kidney injury, pretreatment of PM prior to nephrectomy reduced fibrosis and injury score [125•] . PM pretreatment also reduced serum creatinine levels at 28 day post-nephrectomy.
Another serious complication of diabetes is cardiovascular disease, which is driven in part by elevated levels of cholesterol and triglycerides that result in oxidative modification of lipoproteins. In an initial study with PM supplementation in STZ-treated rats, PM inhibited increases in plasma triglycerides and total cholesterol, while aminoguanidine failed to do so [121] . Since both PM and aminoguanidine reduced CML and CEL equally, the greater efficacy of PM on plasma lipids may be attributed to its ability to scavenge 1,4-dicarbonyls in addition to 1,2-dicarbonyls like MGO. A number of studies have since replicated the finding that PM reduces cholesterol and triglyceride levels. For instance, PM significantly reduced SCAP and SREBP-1c expression and decreased plasma cholesterol and intramuscular triglycerides compared to control when mice were fed a high-fructose diet [126] . In dietinduced obese mice, PM supplementation for 18 weeks inhibited weight gain without altering food intake and significantly reduced accumulation of triglyceride droplets and macrophages in liver [124•] . In these same studies, PM also reduced fasting plasma glucose and insulin levels [124•] . PM supplementation also inhibited atherosclerotic lesion development in atherosclerosis-prone ApoE −/− mice that were treated with STZ [127] . In another study using STZ-induced diabetic mice with experimental myocardial infarction, treatment with PM reduced total cholesterol, triglyceride, and LDL cholesterol levels and increased HDL cholesterol levels [128] . Importantly, PM significantly improved cardiac ejection fraction [128] . Further, PM supplementation reduced vascular calcification in other studies with STZ-treated rats fed a high-fat diet and warfarin [129•] . Beyond atherosclerosis, PM may have other beneficial effects on vascular functions that deteriorate with age, as PM supplementation for 5 months enhanced myocardial contractile function in 20-month-old rats, compared to untreated aged-matched controls [130] . PM supplementation has shown efficacy in a number of other animal models of disease. In a model of macular degeneration, PM reduced levels of retinal IsoLG-modified protein and protected against morphological changes in photoreceptor mitochondria [131] . Similarly, PM reduced the severity of endogenous uveitis present in mice immunized with the retinal protein K2 peptide and adjuvant [132] . In mice subjected to radiation treatment, PM supplementation markedly inhibited apoptosis in the intestinal tract [133] and increased survival [134] .
The results of several randomized control phase 2 trials for PM (Pyridoxin) have been published. The first report combined the results of two 24-week studies with identical inclusion criteria where a total of 202 patients with overt nephropathy and diabetes (type 1 or type 2) were enrolled and randomized to receive PM or placebo [135] . All patients in these two phase 2 studies received placebo or PM in addition to standard of care. In one study, patients received 50 mg of PM twice daily. In the other, patients were escalated up to 250 mg PM twice daily. Over the course of the trials, PM treatment prevented the accumulation of advanced glycation end products, indicating that the doses of PM were effective for RCS scavenging. While analysis of the two trials individually did not yield significant clinical improvements, analysis of merged data showed a significant decrease in serum creatinine for the groups receiving PM (0.11 ± 0.34 mg/dL) compared to placebo (0.21 ± 0.55 mg/dL) [135] . In addition, urinary TGF-β1 was also decreased with PM treatment with no changes in urinary albumin excretion [135] .
A subsequent randomized controlled trial examined the effects of PM in 317 type 2 diabetic patients with overt proteinuria (>1200 mg/g) that were being treated with the maximum recommended daily doses of blood pressure medications. These patients were randomized to placebo or PM (150 mg twice daily versus 300 mg twice daily) for 1 year. After treatment, there were no significant differences between groups in the primary endpoints of the study measuring changes in renal function. However, when patients were stratified by tertile for baseline serum creatinine in a subsequent subgroup analysis, this analysis showed that for patients that started in the lowest tertile, treatment with PM did significantly reduce increases in serum creatinine levels (p = .048) and improved glomerular filtration rate [136] . NephroGenex felt that these data were sufficiently compelling to initiate a phase 3 trial with PM that ended enrollment in March of 2016 (clinicaltrials.gov). The results of this trial have not yet been published.
2-Hydroxybenzylamine and 5′-O-Pentyl-Pyridoxamine
Other 2-aminomethylphenols that have undergone in vivo testing are 2-hydroxybenzylamine (2-HOBA, also known as salicylamine) and to a lesser extent 5′-O-pentyl-pyridoxamine (PPM). By virtue of their greater lipophilicity and cellular scavenging than PM, 2-HOBA and PPM are anticipated to have greater efficacy than PM. Pharmacokinetic studies with 2-HOBA in mice demonstrated decent oral bioavailability (estimated at 38%) and partitioning from plasma into major tissues including brain and liver [137] . The half-life of 2-HOBA is approximately 62 min. A dose of 1 g/L in drinking water has been widely used for rodent studies, yielding tissue concentrations of 10 to 30 μmol/kg. Three grams per liter in drinking water is considered the limit for safety, as 10 g/L in drinking water has shown reductions in water consumption and mild toxicity in mice.
2-HOBA has shown efficacy in ameliorating disease in several animal models that display increased protein modification by IsoLG and related dicarbonyls. Continuous treatment with 2-HOBA in humanized ApoE4 (hApoE4) mice, a model of Alzheimer's disease, beginning at 3 months of age significantly inhibited memory loss that is normally seen at 12-14 months of age in these mice [138] . 2-HOBA also reduced IsoLG adducts and was protected against memory loss in two mouse models of epilepsy [139•] .
Besides preserving working memory, 2-HOBA may also increase lifespan. The nematode worm Caenorhabditis elegans (with an average adult lifespan of less than 3 weeks) is often used as a rapid in vivo model of aging. In N2 wildtype adult worms treated with 2-HOBA, median lifespan is increased to 56% [140• ]. The precise mechanisms whereby 2-HOBA increases longevity needs to be determined. However, 2-HOBA treatment fails to extend lifespan in worms where the gene for sirtuin SIR-2.1 is knocked out, suggesting that RCS modification of this deacetylase might be a major factor decreasing longevity [140•] . Future studies are needed to determine if 2-HOBA and other 2-aminomethylphenols such as PPM will increase lifespan in mammals.
In addition to effects on age-related diseases, 2-HOBA and PPM also provide protection against vascular disease. In C57BL/6 mice infused with angiotensin II (AngII), a mouse model of hypertension, levels of IsoLG-modified proteins markedly increased in heart and aorta [39••] . Administration of 2-HOBA blocked this increase and, more importantly, prevented the rise in blood pressure normally induced by AngII infusion [39••] . Administration of PPM also inhibited AngII-induced hypertension, but non-scavenging analogs such as N-methyl-2-HOBA and 4-HOBA had no effect The relationship between lipid peroxidation, RCS, hypertension, and aortic stiffening has been examined using transgenic mice that overexpress the p22 subunit of NADPH oxidase, resulting in markedly higher generation of superoxide [40•] . Interestingly, in these mice, aortic stiffening proceeded onset of hypertension, and elimination of T cells (by crossing with RAG-1 −/− mice) eliminated both aortic stiffening and hypertension, suggesting that T cell response to IsoLGgenerated neo-antigens might also play a role in aortic stiffening [40•] . Transgenic p22 mice show significant increases in IsoLG-modified proteins, and incubating aortic homogenates from these mice with dendritic cells was sufficient to induce proliferation of T cells co-cultured with the dendritic cells. Treatment of the p22 transgenic mice for 5 months with either tempol (which directly inactivates ROS) or 2-HOBA markedly reduced aortic stiffening and hypertension [40•] . The results of these animal studies support the notion that RCS scavenging with 2-HOBA, and presumably other 2-aminomethylphenols like PPM, may be a novel treatment for chronic diseases including neurodegenerative diseases and vascular diseases. Clearly, clinical trials of 2-HOBA and PPM are needed to test this hypothesis. Approval for the first studies of 2-HOBA in humans was recently granted, and these studies have begun enrollment.
Summary
Scavenging of RCS has shown significant effects in many animal models of disease, which support the notion that RCS generation contributes to pathogenesis of many diseases and that scavenging RCS might have clinical benefit. Nevertheless, only a few RCS scavengers such as the thiolbased scavengers MESNA and amifostine have become widely used, and these are primarily used as adjunctive therapies for chemotherapy. Because several major species of RCS are poorly scavenged by thiol-based scavengers, there is a clear need to develop other classes of RCS scavengers. There is also a need to test RCS scavengers individually or in combination in clinical trials directed at additional diseases or clinical conditions. Current RCS scavengers under development include carnosine analogs and 2-aminomethylphenols, but nextgeneration compounds in these classes need to be developed that have better pharmacokinetic parameters and safety profiles. Only then will it be possible to fully evaluate the potential of RCS scavengers to improve human health and ameliorate chronic diseases.
